JP60223171 



1/6 ^ 



QriginM docuni 

FIELD-EFFECT TRANSISTOR 



JP60223171 

1985-11-07 

ITOU TOMOHIRO 

NIPPON ELECTRIC CO 



Patent number: 
Publication date: 
Inventor: 
Applicant: 
Classincation: 

- international: 

- european: 

Application number: JP 19840078961 19840419 
Priority number(s): JP19840078961 19840419 



Also published . 

W US4 86649 
m US474082 



H01L29/201;H01L29/78 



View j[NPADOC ps^ 



Abstract of JP60223171 

PURPOSEiTo obtain the field-effect transistor having 
excellent characteristics wherein the two-dimensionally 
accumulated condition of a high mobility electron is 
maintained by a method wherein a structure with which the 
electron affinity of a semiconductor crystal will be reduced 
from the surface where an electron layer will be formed toward 
the inner part of the semiconductor crystal in the direction 
reverse to a gate electrode. CONSTITUTION:Numeral 42 in 
the diagram is a non-doped high purity ALAs layer, niuneral 49 
is a non-doped high purity AlxGal-xAs layer, and the molar 
ratio of ALAs is continuously changed from 0 to 1 from a 
channel interface to the AlAs layer 42. An example of 
distribution is shown by the diagram 5. The energy band in 
depthwide direction of a gate part in a thermally equilibrium 
state is as shown by the diagram 6. As a steep delta potential 
well is formed by a hetero interface and an AlxGal-xAs layer 
49, the energy difference between EO and El is made larger, 
and accordingly, the probability of generation of an 
intersubband scattering between EO and El of the electron 
supplied from the AlGaAs layer 6 whereon n type impurities 
are doped is small unit it is brought to a high energy state. 
Accordingly, a large mobility can be maintained in the same 
manner as the low voltage region even at a large source-drain 
voltage, thereby enabling to show excellent transportational 
characteristics. 
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BACKGROUND OF THE INVENTION 
1 . Field of the Invention 
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This invention relates to semiconductor field effect devices having high speed and high frequency performances, and mc 
particularly to field effect transistors using one or more compound semiconductor materials. 

2. Description of the Prior Art 

Schottky gate field effect transistors (hereinafter, referred as MESFEPs) for high fi-equency and high speed applications 
use GaAs having an electron mobility which is five to six times greater than Si. In such MESFET's, a GaAs layer is depc 
an insulator substrate and is heavily doped with N-type impurities, for example 10@17 cm@-3. A Schottky metal layer i 
contacted with the GaAs layer to form a gate electrode. The electron mobility, however, is limited to a low value, for ex£ 
5,000 cm@2 AA.Sec at 300 DEG K., due to the scattering of ionized impurities. 

To obtain an MESFET free from the effect of the scattering of ionized impurities, T. Mimura has proposed in U.S. Pat. ^ 
4,424,525 a usage of heterojunction structure in which an AlGaAs layer doped with donor impurities is deposited on a h 
purity GaAs layer. A Schottky gate electrode is contacted with the AlGaAs layer. With the heterojunction structure, elec 
the impurity doped AlGaAs move into the high purity GaAs to form an electron accumulation layer, that is so-called twc 
dimensional electron gas, in the high purity GaAs at the interface between the high purity GaAs layer and the impurity d 
AlGaAs layer. The condition for forming the two-dimensional electron gas is that the electron affinity of the GaAs is hig 
the AlGaAs. By the relationship between the electron affinities, a potential well for forming the two-dimensional electro 
formed in the GaAs layer. Since the two-dimensional electron gas is produced in the high purity GaAs layer, the movem 
electrons is not interfered with by the ionized impurities and results in an improved high mobility such as 6,000 cm@2 f 
300 DEG K. or 20,000 cm@3 A^.Sec at 77 DEG K. The mobility is superior at a low temperature. 

The proposed heterojunction MESFET achieves the improvement of high frequency and high speed characteristics to a 
considerable extent. It, however, still has a problem at high field operation. If the electrons in the two-dimensional electr 
are excited so as to exceed the upper energy level of energy sub-bands by the high electric field between source and drai 
regions, the electron mobility lowers due to inter-sub-bands scattering. Especially, since the energy level difference betv^ 
energy sub-bands at the two-dimensional electron gas region in the proposed heterojunction MESFET is small, the inter- 
bands scattering is apt to occur even by a small electrical field between source and drain regions. Thus, the high frequen< 
high speed operation of the proposed MESFET is easily deteriorated by the operating voltage between source and drain i 

The proposed heterojunction MESFET has another problem. If the drain voltage VD is increased to exceed a voltage dif 

between the gate voltage VG and the gate threshold voltage VT, the potential well for forming the two-dimensional eleci 
disappears near the drain region and the energy band structure of the channel region near the drain region declines from 
interface portion between the AlGaAs and GaAs layers to the inner portion of the GaAs layer. This allows the electron fl 
expand into the inner portion of the GaAs layer and results in an increment of drain-conductance in saturation operation, 
drain-conductance increment is remarkable in short-channel MESFET's. 

SUMMARY OF THE INVENTION 

The primary object of the present invention is to provide a field effect device having improved high frequency and high : 
performances. 

Another object of the present invention is to provide a heterojunction field effect device having a stable high speed open 
even at a high voltage operation. 

A further object of the present invention is to provide a heterojunction field effect device having a small and stable drain 
conductance. 

According to the present invention, there is provided a field effect device which comprises a gate electrode, a channel fo 
region in which a current channel is produced in accordance with a voltage applied to the gate electrode, and source and 
regions formed on both sides of the channel forming region, the channel forming region being made of a semiconductor 
having a graded electron affinity. The electron affinity is highest at the surface of said semiconductor material where the 
channel is formed and is decreased as the depth from the surface increases. 

According to another aspect of the present invention, there is provided a heterojunction field effect device which compri 
channel region of a first semiconductor material having an electron affiiiity which is high at one surface thereof and grad 
lowers, an additional region of a second semiconductor material formed on the channel region in contact with the one su 
the first semiconductor material, the second semiconductor material having an electron affinity which is lower than the e 
affmity at the one surface of the fu*st semiconductor material and being doped with impurities, a gate electrode formed o 
additional region to form a Schottky barrier with the second semiconductor material, and source and drain regions forme 
both sides of the channel region. 

Since the electron affinity of the channel forming region of the first semiconductor material gradually lowers from the oi 
surface to the inner portion, a deep potential well is produced at the interface of the first and second semiconductor mate 
The energy level difference between sub-bands of electron energy states becomes large in the deep potential well. There 
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inter-sub-bands scattering does not occur so long as the source-drain voltage difference does not become considerably la 
Thus, the high mobility is not deteriorated even in a high voltage operation. 

Furthermore, since the channel forming region of the first semiconductor material has a lower electron affinity at the ins: 
thereof than at its surface, the potential well for defining the region of current channel of the two-dimensional electron g 
not disappear near the drain region even if the drain voltage is considerably high. The path of electron flow is stably limi 
the potential well throughout the region between the source and drain regions. Thus, the drain-conductance increment dc 
occur in the saturation operation. 



BRIEF DESCRIPTION OF THE DRAWING 

The above and further objects, features and advantages of the present invention will become more apparent from the foil 
detailed description taken in conjunction with the accompanying drawings, wherein: 

FIG. 1 is a sectional view of a heterojunction MESFET in the prior art; 

FIG. 2 is an energy band diagram at the thermal equiblium at the section of the gate electrode portion of the heterojunctl 
MESFET m the prior art; 

FIG. 3 is an energy band diagram at the section of the channel region near the drain region when a high voltage is applie 
drain region of the heterojunction MESFET in the prior art; 

FIG. 4 is a sectional view of a heterojunction MESFET according to a first embodiment of the present invention; 

FIG. 5 is a diagram showing a variation of mole ratio X in the Abe Gal-x As which is used in the first embodiment of thi 

present invention; 

FIG. 6 is an energy band diagram at the section of the gate electrode portion of the heterojunction MESFET according tc 
first embodiment of the present invention; 

FIG. 7 is a sectional view of a heterojunction MESFET according to the second embodiment of the present invention; an 

FIG. 8 is an energy band diagram at the section of the gate electrode portion of the heterojunction MESFET according tc 
second embodiment of the present invention when a positive voltage is applied to the gate electrode. 



A MESFET conventionally proposed is shown in the sectional view of FIG. 1. A semi-insulating GaAs substrate 1 is use 
starting material on which is deposited a high purity GaAs layer 2 doped with no impurity. N@+ -source and drain regie 
separately formed in the GaAs layer 2. On the surface of the GaAs layer 2 between the source and drain regions 3, Si-do 
AlGaAs layer 6 of N-type conductivity is deposited. Ionized Si-impurities 7 are distributed in the AlGaAs layer 6. A gat 
electrode 8 is formed on the AlGaAs layer 6 with a metal forming a Schottky barrier with the AlGaAs layer 6. Source an 
electrodes 5 are attached to the source and drain regions 3. 

Here a normally-on type MESFET will be considered with FIGS. 1 and 2. The electron affmity of GaAs is larger than th 
AlGaAs. At the interface of the heterojunction between GaAs and AlGaAs layers 2 and 6, a triangular potential well is f» 
inside the GaAs layer 2. Electrons in the Si-doped AlGaAs layer 6 are accumulated in the potential well to form a two- 
dimensional electron gas which contributes to the conductivity between the source and drain regions 3. The two-dimensi 
electron gas is modulated by the gate voltage. 

In the potential well, quantum energy levels of electrons are formed. Here, for facilitating an understanding, the potentia 
of the potential well in the GaAs layer 2 is assumed to be constant. In other words, the electrical field in the potential we 
perpendicular direction is assumed to be a constant value Fs. The energy level Ei (i=0, 1,2...) measured from the lowc 
energy at the bottom of the conduction band of GaAs at the heterojunction interface can be approximately expressed as i 
##EQU1## where m* is an effective mass of electron in GaAs, e is a charge of electron, and h is a value of Planck's con: 
divided by 2.pi.. In FIG. 2, EO and El are shown as examples. 

In a usual operation where the electrical field is low such that the electron distribution function is not deviated from the I 
equiblium state, Fermi level EF exists between the energy levels EO and El as shown in FIG. 2. Electrons move under a 
condition that their energies distribute between the energy level EO and the Fermi level EF. If, however, the electrical fie 
becomes so large that the energies of electrons exceed the energy level El, the so-called inter-sub-bands scattering occui 
lower the electron mobility. In the conventional structure of the heterojunction MESFET, the lowest level of the conduct 
band of GaAs sharply drops near the interface of the heterojunction but slowly increases at a portion far from the interfai 
causing a small electrical field in a direction perpendicular to the interface. This small electrical field makes the different 
between the energy levels EO, and El and E2. Therefore, even by a relatively small electrical field between source and d 
regions, the lowering of electron mobility based on the inter-sub-bands scattering becomes notable and deteriorates the h 
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speed characteristics. 

Another problem occurs when the voUage VD at the drain region becomes so high that it exceeds the difference between 
voltage VG at the gate electrode and the threshold voltage VT. In such a case, the energy band diagram at the channel re 
near the drain region changes as shown in FIG. 3 in which the potential well for forming the two-dimensional electron g; 
disappears. Electrons which are shown in FIG. 3 by circles flow through a wide portion of GaAs layer 2, resulting m an : 
of drain-conductance in saturation operation. This increment of the drain-conductance is remarkable in short channel FE 
is another cause for deterioration of high frequency and high speed characteristics. 

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS 

Now, a first preferred embodiment of the present invention will be described with reference to FIGS. 4, 5 and 6, A semi- 
insulating GaAs substrate 1 is used as a starting material. A high purity AlAs layer 42 is deposited on the GaAs substrata 
molecular beam epitaxy with a thickness of 3,000 .ANG.. A high purity Alx Gal-x As layer 49 is further deposited on th 
layer 42 by molecular beam epitaxy with a thickness of 3,500 .ANG.. The mole ratio X is continuously changed from 1 1 
That is, the Alx -Gal-x As layer 49 is AlAs at the interface with the AlAs layer 49 and is GaAs at the top surface. Such ( 
of the mole ratio X is shown in FIG. 5 as one example. Source and drain regions 3 are separately formed in the Alx Gal- 
layer 49 by highly diffusing N-type impurities. On a portion of the Alx Gal-x As layer 49 between the source and drain 
3, an N type AlGaAs layer 6 doped with donor impurities such as silicon with a concentration of 2.times.l0@17 cm@-3 
deposited by molecular beam epitaxy with a thickness of 900 .ANG.. In the N type AlGaAs layer 6, ionized donor impui 
are distributed. A metal such as aluminum which forms a Schottky barrier with the AlGaAs is deposited on the N type A 
layer 6 as a gate electrode. Source and drain electrodes 5 are formed in contact with the source and drain region 3, with z 
Au-Ge/Au which ohmicaily contacts the AlGaAs. 

At the interface of the AlGaAs layer 6 and the Alx Gal-x As layer 49, the Alx Gal-x As layer 49 is GaAs. Here, the elec 
affinity of GaAs is larger than AlGaAs. Therefore, a triangular potential well is formed at the interface between the AIG: 
layer 6 and the Alx Gal-x As layer 49 but inside the Alx Gal-x As 49. Electrons produced by the donor impurities in th€ 
AlGaAs layer 6 are accumulated in the potential well to form a two-dimensional electron gas. The two-dimentional elect 
is modulated by the voltage applied at the gate electrode 8. This operation is similar to the conventional MESFET showt 
FIGS. 1,2 and 3. 

The energy band diagram at a portion of the gate electrode 8 and thereunder is shown in FIG. 6. The energy band structu 
Alx Gal-x As layer 49 is different from the conventional MESFET. At the interface between the AlGaAs layer 6 and the 
Gal-x As layer 49, the band structure is the same as the conventional MESFET, but the lowest energy of the conduction 
Alx Gal-x As layer linearly rises up to the lowest energy of the conduction band of AlAs layer 42, As a result, a deep pc 
well is formed at the interface between the AlGaAs layer 6 and the Alx Gal-x As layer 49 inside the Alx Gal-x As layei 
Due to such a deep potential well, the difference between the energy levels EO and El is wide, as is apparent from the ab 
explained equation (1). Therefore, electrons staying at the lower energy level EO cannot move its energy state to the uppj 
energy level El, unless a considerably high electrical field is applied. In other words, unless a considerably high drain v< 
applied, the inter-sub-bands scattermg does not occur and the original high electron mobility is maintained. The good hi| 
and high frequency operation is kept at a high voltage operation. 

Furthermore, as shown in FIG. 6, the lowest energy level of the conduction band of the Alx Gal-x As rises up to a high \ 
level. For this reason, even if the drain voltage VD is so high that it exceeds the difference between the gate voltage VG 
threshold voltage VT, the potential well does not disappear near the drain region. This means, even by such high drain vt 
VD, the path of current flow limited in the narrow potential well, results in no increment of drain-conductance in saturat: 
operation. This effect becomes dominemt in a shallow junction MESFET. 

Other combinations of semiconductor materials applicable to the first embodiment are a combination of InP as the layer 
Gal-x P as the layer 49 and AlGaAs doped with donor impurities as the layer 6 and a combination of GaAs as the layer - 
Gal-x As as the layer 49 and InAlAs doped with donor impurities as the layer 6. In each combination, the mole ratio X i 
small value at the interface with the layer 6 and increases in accordance with the distance from the interface with the lay< 
that an electron affinity decreases in accordance with the distance from the interface with the layer 6. 

The present invention may be applied to an insulated gate type heterojunction field effect device. FIGS. 7 and 8 are such 
examples. On a semi-insulating GaAs substrate 1, Gax Inl-x As layer 72 is deposited by molecular beam epitaxy with a 
thickness of 2,000 .ANG.. The mole ratio X is "1" at the surface of the GaAs substrate 1 and is decreased linearly to "0.3 
Source and drain regions 3 are separately formed by diffusing donor impurities with a high concentration. On the surface 
Gax Inl-x As layer 72, Si02 layer 76 is deposited with a thickness of 800 .ANG.. A metal of AuGe/Au alloy is selective 
deposited on the Si02 layer 76 and the source and drain regions 3 as a gate electrode 8 and source and drain electrodes 5 

The energy band diagram of the above-mentioned structure is shown in FIG. 8. The lowest energy level of the conductio 
of the Gax Inl-x As layer 72 increases from the interface with the Si02 layer 76 to the interface with the GaAs substrate 
application of positive voltage to the gate electrode 8, the lowest energy level of the conduction band of the Gax Inl-x A 
72 lowers below the Fermi level EF and produces a conductive channel of the two-dimensional electron gas. 
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According to such insulated gate field effect transistor, since the lowest energy band of conduction band of Gax Inl-x A: 
up to a high value, the difference between energy levels EO and El is wide, as is apparent from the equation (1). Therefo 
inter-sub-bands scattering does not occur even in high voltage operation and thus the original high electron mobility is 
maintained. Furthermore, due to the lowest energy level of conduction the band of the Gax Inl-x As layer 72 which shar 
up to high value, the potential well for forming the two-dimensional electron gas does not disappear in the channel portii 
the drain region which is applied with a high voltage. The current channel does not spread near the drain region, resultin 
increment of drain-conductance in saturation operation even in a high voltage operation. 

Suitable other semiconductor material may be changeable with the Gax hil-x As for the layer 72. Such suitable semicon 
material should have an electron affinity decreasing in accordance with the distance from the interface with the Si02 lay 
An example is Inx Gal-x P in which the mole ratio X increases in accordance with the distance from the interface with f 
layer 76. 

Although some embodiments of the present invention have been explained hereinbefore, it is apparent that the present in 
is not limited to the above embodiments. Any suitable combination of semiconductor materials may be used, as explaine 
above. The present invention may be applicable to devices other than a transistor, for example a charge coupled device. 
charge coupled devices, the source and drain regions are charge injection and charge detection regions and a plurality of 
electrodes are aligned between the charge injection and charge detection regions. 
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What is claimed is: 

1. A field effect transistor comprising: a gate electrode applied with a gate voltage; an insulator fihn formed under said g 
electrode; a channel- forming semiconductor region formed under said gate electrode in contact with said insulator film, : 
channel-forming semiconductor region primarily consisting of first and second semiconductor materials, said second 
semiconductor material having an electron affinity lower than said first semiconductor material, the content of said first 
semiconductor material in said channel-forming semiconductor region decreasing with distance from an upper surface th 
contacted with said insulator fikn, and said channel forming region forming a conductive channel in response to said gat 
voltage; and source and drain regions formed respectively on both sides of said channel-forming semiconductor region. 

2. A field effect transistor as claimed in claim 1, wherein said first semiconductor material is selected from a group of In 
GaP, and said second semiconductor material is selected from a group of GaAs and InP. 

3. A field effect transistor as claimed in claun 2, wherein the content of said second semiconductor material increases wi 
from zero at said upper surface, and the content of said first semiconductor material decreases with depth to thirty percei 
bottom of said channel-forming semiconductor region. 

4. A field effect device comprising a channel forming region of a semiconductor material having an electron affinity whi 
lowers in accordance with the depth from one surface thereof, an insulator material formed on said one surface and a cor 
electrode formed on said insulator material, wherein said semiconductor material is selected from a group of Gax Inl-x j 
Inx Gal-x P in which the mole ratio x increases as the depth from said surface increases. 

5. A field effect device comprising a channel forming region of a semiconductor material having an electron affinity whi 
lowers in accordance with the depth from one surface thereof, an insulator material formed on said one surface and a cor 
electrode formed on said insulator material, wherein said control electrode is a gate electrode and said field effect device 
comprises source and drain regions formed on both sides of said charmel forming region, respectively, and wherein said 
semiconductor material is selected from a group of Gax Inl-x As and Inx Gal-x P in which the mole ratio x increases as 
depth from said one surface increases. 

6. A field effect transistor comprising: a substrate of semi-insulating GaAs; a first semiconductor layer of pure AlAs fon 
said substrate; a second semiconductor layer of a semiconductor material formed on said first semiconductor layer, said : 
semiconductor layer having a bottom surface contacting said fu-st semiconductor layer and an upper surface, and said 
semiconductor material being Alx Gal-x As in which the mole ratio X increases from 0 at said upper surface to 1 at said 
surface; source and drain regions separately formed in said second semiconductor layer to extend from said upper surfac 
third semiconductor layer formed on and contacting said upper surface of said second semiconductor layer located betw< 
source and drain regions, said third semiconductor layer being formed of AlGaAs doped with donor impurities; and a ga 
electrode formed on and contacting said third semiconductor layer. 

7. A field effect transistor comprising: a substrate of semi-insulating GaAs; a semiconductor layer formed on said substr 
semiconductor layer having an upper surface on the side opposite said substrate, and said semiconductor layer being fon 
Gax Inl-x As in which the mole ratio x increases with depth from said upper surface from 0.3 to 1 .0; source and drain re 
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separately formed in said semiconductor layer to extend from said upper surface; an insulator layer formed on said uppei 
of said semiconductor layer located between said source and drain regions; and a gate electrode of metal formed on said 
insulator layer. 
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